PHYSICAL REVIEW B VOLUME 61, NUMBER 2 1 JANUARY 2000-11

Unique 1-q and 3-g incommensurate phases in proustite:°As NQR line-shape
and spin-lattice relaxation study
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"As NQR spectra and spin-lattice relaxation tiffighave been measured between room temperature and
4.2 K in a proustite (AgASS;) single crystal. In agreement with x-ray scattering data we find that the phase
betweenT, =60 K andT =49K is tripleq (3-g) incommensurably modulated. Our results show unambigu-
ously that we deal here with three independent noncoplanar incommensurate modulation wave vectors. Such a
phase seems to be unique in a sense that other phases with three incommensurate modulation waves known so
far (e.g., in charge-density-wave systgnase either a superposition of differently orientedglmodulated
domains, or the three modulation waves are confined to a plane and are thus not independent. In addition the
"5As NQR line shape suggests that the phase just b&loiw a singleq (1-q) modulated stripe phase. This is
confirmed by the variation of ; over the NQR line in the 1g and 3-q phases. On further cooling further into
the incommensurate phase the volume fraction of theg hase gradually increases and the crystal becomes
fully 3-g modulated about 2 K below, . The nonclassical critical exponents for the amplitude of the order
parameter were determined to Be=0.3+£0.02 in the 1¢ stripe phase an@;=0.4+0.02 in the 3¢ phase.
On approaching the lock-in transition temperature in the low-temperature part of thex@mmensurate
phase the phases of the modulation waves become nonlinear functions of the corresponding spatial coordinates,
resulting in sharp peaks superimposed on the broad bell-shape frequency distribution. A comparison between
experimental and theoretical line shapes allowed for a quantitative determination of the temperature depen-
dence of the soliton density.

I. INTRODUCTION This situation is realized in many charge-density-wave
(CDW) systems, such as 2H-TaSe " as well as in structur-
Structurally incommensurate systems are characterized bylly incommensurate quaftzand berlinite (AIPQ).° For

the modulation of some local atomic property, which variessuch a system two rather different structures may be realized
in space in such a way that its periodicity is an irrationalbe|ow-|-|_
fraction of the periodicity of the host lattice? As a result, (i) In the stripe or 1-q multidomain state the amplitude
translational periodicity along the modulation wave vector isyf g single modulation wave is different from zero in a given
lost in spite of the existence of perfect long-range order Ofjomain, Therefore, each domain is modulated in a single

the two subsystems. Phase transitions leading to an inconyjrection, but the direction of the modulation wave vector
mensurate phase with a single ¢)-modulation wave are varies from one domain to another

described with a two-component order parameter (i) In an “all-q" state, on the other hand, the ampli-
tudes of all modulation waves are different from zero. In this
Q.=pexp*ig), (1) case the crystal is modulated by a superposition of modula-
tion waves with allg;’s.
where p stands for the amplitude angd=q-r+¢, for the It is interesting to note that in every @ system known so

phase. For this systefthe most investigated example being far, both in CDW systems as well as in structurally incom-
Rb,ZnCl,) one usually expects a second-order phase transinensyrate insulators such as quartz and AlPte three
tion from a paraelectric normaN) phase to an incommen-  moqyation wave vectors lie in a plane, i.e., the number of
surate(IC) phase at a temperatufig, and a lock-in fransi- 44y jation wave vectors is larger than the dimension of the
tion to a ferroelectric commensura(€) phase at a lower  gpace they span. This means that translational periodicity is
temperaturel c. , retained in the direction perpendicular to the plane of the
In the general case, however, incommensurate phasesqqyation waves. In this case the phases of the modulation

may be forme_d Where not only one but s-everaI spatially pey,aves are necessary correlated and the modulation waves are
riodic modulations with wave vector are incommensurate . independent. Such a situation occurs in both qiitz

with the characteristic wave vectors of the underlying lattice.; 4 perlinitd where the three modulation waves are copla-
For such a case phases of different symmetries may occur iﬁ‘ar, i+ 0,+0s=0, and their relative phase is fixegg,
the phase diagram. Let us consider a system with threg)(3- G0+ Poz= @ =0, 7/2 or . Proustite (AgAsS;) seems
modulation waves, described by a six-component order Pay represent a uniéue exception, as x-ray measurefidfts
rameter indicate that the incommensurate pHase the temperature
range 49-60 K is modulated by three noncoplanar modula-
Q. i=piexp(=iegi(x)), i=1,2,3. (2)  tion waves. In such a system one can expect to observe a
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number of phenomena, which were up till now predictedeight corners of the rhombohedral unit cell and one in the
theoretically only!®* The soft mode should split into three center, while the Ag atoms reside on thed@tes in the voids,
gapless phason modes and three amplitude modes at the néwrmed by the S atoms. The unit cell contains 12 positions
mal to incommensurate transition. In contrast to this, onlyfor Ag™ ions, six of them being vacant at room temperature.
two phason modes are gapless in a planar ¢stem, such The AsS pyramids are ionically bound by-SAg—S bonds

as quart2? where the phase of the third modulation wave iswhich form helices in the direction of the trigonalaxis.
well defined with respect to the others. Transition from aThis rather weak bonding leads to a high ionic conductivity
plane-wave regime, in which the phases of the modulatiorand allows Ag ions to adopt a quasi-free state. The con-
waves are linear functions of the space coordinates to a musecutive As$ pyramids along thec axis undergo a small
tisoliton regime, where they become steplike functions, haselative rotation, each pyramid being related to the one above
also not been observed for such a system as yet. In additiasr below by a glide plane?.

to soliton wall crossinggi.e., line defects found in planar On cooling below room temperature, proustite exhibits
3-q systems, there should Ieple crossingg(i.e., point de-  several phase transitions: a transition from the high-
fects in a nonplanar 3g system. As for other multit sys-  temperature normalN) phase to an incommensurat)
tems, there is a strong possibility of finding a transition be—phase aflf,~60K, a lock-in transition to a commensurate
tween the “allg” phase and the multidomain §-stripe  phase G at T,~49K,'? and a transition to nonmodulated
phase’®**~*"Another point of interest is the study of critical ferroelectric phase Cat Tc,~24K. At high pressures the

exponents at the normal to incommensurate transition of 8o mediate IC and Cphases are suppres€dso that
six-component order-parameter system. These should be d@roustite exhibits a direct N-Qransition. In addition to this,

ferent from the ones found in two-component order-j pas pheen suggested that a photoinduced phase transition
parameter incommensurate systems that belong to the thre86curs near 210 R2 connected to a redistribution of Ag

. . . _ 18 H
dimensional two-componertXY) model, with 3= 0.345. ions under the action of illumination. In contrast to this, a

In order to shed some additional Iigf}';a&n some of theyetailed Raman scatteriffgand a combined neutron and
above phenomena, we performed a detalléts NQR line- oy iffraction stud§® (both conducted in the darKailed
shape and spin-lattice relaxation study of a proustite ;mgl reveal any anomalies in the temperature range 80—300 K.
crystaf® between room temperature and 4 K. An additional X-ray studieA2have shown that the second-order phase
motivation to study such a phase was that it is very difficult, ; \cition from the normal to the incommensurate phase

to discriminate by x rays between a truegdhase and a I+ haracterized by a star of six wave vectors
multidomain stripe state. NMR and NQR, on the other hand,

arelocal methods that measure the local distribution of dis- 1 1 1
placements, which drastically differs for the stripe and “all- ge1=* 3 Oar— (§— o ) 0,§— 50},
g’ phases and should thus easily discriminate between these
two cases.

The usefulness of NMR and NQR for the study of incom- up= +[0 1_5 _(E_ S ) }_ S }
mensurate systems is due to the fact that the resonance fre- 2| T3 Tar |3 Tafrg Tep

guency varies in space in a way which reflects the spatial
variation of the incommensurate modulatithin commen-
surate systems the number of magnetic resonance lines Q+3==
equals the(usually very sma)l number of physically non-

equivalent nuclei per unit cell. In incommensurate systemsyhere the hexagonal setting of the rhombohedral cell is
where the translational lattice periodicity is lost, there is i”adopted. Just beloW, 8, and 8, have values of 0.0063 and
essence an infinite number of nonequivalent nuclei contribg 0125, respectively. Bot, and 5, are temperature depen-
uting to the magnetic resonance spectrum. The incommensgent and decrease with decreasing temperature. Hence, not
rate spectra are thus characterized by a quasicontinuous digst the period but, while remaining in the glide plane, also
tribution of NMR frequencies instead of a sharp line as inthe direction of the modulation varies as a function of tem-
commensurate crystals. The characteristic features of an ifserature.

commensurate spectrum were shd#tf’to depend on the ~ pokrovsky and Pryadi8have described the IC phase in
number of modulation waves and the dimension of spac@roustite in terms of the Landau theory. They used the order
they span. For a Ir- IC system with a two-component order parameter;(r) which represents the Fourier components of
parametexas Wet” afj for 1¢ multtidolr(r;ain ;zt“pe" statet of the displacementsi(r) with respect to the commensurate

a six-component order-parameter IC systeome expects a . .. Cc_1r1 10 11% C_1rn1111% c
characteristic frequency distribution with two edge singulari-dlrf'lcﬂOns (11 31110117, 6=5[01,11)%, and s

ties, whereas a bell-like distribution with no singularities is =3[1,0,1,0%:
expected for a 33 noncoplanar IC systerf.

1501515 3
37 %):Y37 %37 %), ()

3
u(r)=2, 7i(r)&qd)expligr)+c.c. 4
II. PROUSTITE STRUCTURE AND PHASE TRANSITIONS =1

The proustite structure belongs to a noncentrosymmetric  Just belowT, they find that within constant amplitude
trigonal space groufR3c(CS,) with two formula units per  approximation 7;(r) = p; exp(—i¢;(r)), the free energy is
primitive rhombohedral unit cell at room temperatét@&he  minimized if the phases of the modulation waves are linear
covalently bonded AsSpyramids occupy the LCsites at  functions of the coordinates,



PRB 61 UNIQUE 1-q AND 3-g INCOMMENSURATE PHASES IN. .. 1005

ei=kir. (5 quency scanning method with an automatic tuning of the
) , . ) resonant circuit at each frequency. At each frequengcythe
Depencjlnr% on the signs of the coefficients in the Landayyecpy intensityf (v;) was obtained by integrating the Fou-
expansiort,” either the 3 or 1-q stripe phase may be real- yier transform of one half of the spin eclSgv; ,t) following

ized belowT, : a m/2-mw pulse sequence. The frequency distributigiy)
3-q0 py=pa=pa=plV3x\t for C,>0, \Lyazsthus obtained at a discrete set of resonance frequencies
j
1-q: py=p3=0, pi=t for C;<0. (6) A2 (o 5
)= . 127wt
Here t stands for the normalized temperatures (T, () fAy,z(fo S(vj,t)e dt)dw. ™

—T)/T. If the sixth-order invariant§ are included in the
Landau expansion, both ad stripe and 3g phase may be The typical frequency stepv=v;,;—v; was 5-10 kHz.
stable belowT, . Depending on the size of the coefficients, Depending on the width of the resonance line, line-shape
either N—(3-q)—C;, N—(1-q)—C;, N—(1-9)—(3-q) measurements took from a few minutes up to several hours.
—C,, or N—(3-q)—(1-q)—C, phase sequences may be During the measurements the temperature gradient over the
realized?® sample and the temperature stability were better than 0.05 K.
X-ray measurements'? did not reveal any structural At each change of the temperatuttgpically 0.1 K in the
change in the temperature region of the incommensurat@commensurate phasthe sample was allowed to stabilize
phase 49—60 K. However, due to the low-temperature resdor an hour before performing the measurement.
lution of this measurements and due to the difficulties in  The "°As spin-lattice relaxation time was measured on
discriminating between a true §-C phase and a multido- Fourier-transformed NQR  spectra, obtained by an
main 1 stripe phase by x rays, one cannot exclude theinversion-recovery” pulse sequence in the high-
possibility of finding a 1¢ stripe phase in a narrow tempera- temperature normal phase and in the two low-temperature
ture range either between the N ancdy3hase or between Commensurate phases, where the resonance lines are narrow.
the 3-q and G phase. In incommensurate phase, where inversion was not pqssmle
According to x-ray measuremefts? the incommensu- due to large linewidth, the “saturation-recovery” technique

rate parameterss, and 8. vanish on cooling below the Was used.
lock-in transition temperaturé, =49 K (first order accord-
ing to Ref. 11, second order according to Ref) &®a com- IV. ™As NQR IN THE 1-q AND 3-q INCOMMENSURATE
mensurably modulated phasq.Crhe G unit cell has the PHASES
volume 27 times that of the normal N phase but retains the
same space grouR3c, with the new crystallographic axes
rotated by 180° with respect to N phase.

On cooling belowTCz= 24 K proustite exhibits a strongly

It is well knowrf*1927:28that NQR (and quadrupole per-
turbed NMR spectra of incommensurably modulated struc-
tures exhibit a characteristic inhomogeneous frequency dis-
. 2 . tribution f(v) that reflects the spatial variation of the NQR
first-order phase transition to a ferroelectric phgl?emﬁere frequency. Instead of a few physically nonequivalent nuclear
the structure is monoclinic with a space grodp™ ASS;  gjtes per unit cell as in translationally periodic crystals, we
pyramids are conS|dgrab]y distorted in thepbase, t_h_e three  find in incommensurate systems, where the translational
As-S bond lengths differing by nearly 1_0%'” addition 10 gymmetry is lost, an essentially infinite number of non-
pyroelectric polarization along the axis, a spontaneous equivalent nuclear sites resulting in a quasicontinuous fre-
component of polarization appears in the basal plane. In thﬁuency distribution.

ferroelectric phase the modulation of the normal phase dis- The general formalism of calculating NMR and NQR line
appears and the structure can be treated as a result of a N@Wapes by expanding electric field gradiéBEG) tensor in

distortion of the N phas®’ powers of the displacements of nuclei lying on the IC modu-
lation wave was reported several tinfés:2”-?8|n the case of
IIl. EXPERIMENTAL As (I=%) NQR the relation between the frequency shift
Zeeman perturbedAs (1=2) nuclear quadrupole reso- and EFG tensor elements is particularly simple:
nance measurements of an optically pure proustite single
. eQ
crystal have been made at room temperature. In the high- p= Esz, (8)

temperature paraelectric phase all As nuclei in the unit cell
lie on axially symmetric sites withy=0. The quadrupole _ : o .

. . 2 - whereV,,=V\y,,t 6V,,, Vn;,iS the principal eigenvalue of
coupling constant varies frome"qQ/h=132.44 MHz at  yho EFG tensor in the high-temperature normal phase and
rooTn;n] temhperature to .134‘6 Mth_at 62 K. h h 6V, is a(smal) space-dependent change due to the modu-

e phase transition to the incommensurate phase N3gq, waves). Applying the Taylor expansion of the EFG
been studied by zero-fiellPAs NQR. Taking into account tensor componentén our case jusi,, over the nuclear

the photosensitivity of prous_tite, it is important Fhat all mea’displacements in one dimensionally modulatedg)LIC sys-
surements were performed in the dark in a helium flow cry 9,27,28

ostat. The width of the NQR spectrum changes from 10 kH
in the normal phase to 1.1 MHz in the incommensurate phase V=V + Vot V; coge(X) + 10+ V, c0L20(X) + @0
just above the phase transition to the commensurate phase.

The broad line was measured by a “point-by-point” fre- +ee 9

;tems one gef



1006 APIH, MIKAC, DOLINéEK, SELIGER, AND BLINC PRB 61

In the constant amplitude approximation, the coefficiants a) fv) 1-q
are constants. In the general case they are weaklgpen-

dent. Using Eq(8), we get a similar expression for the NQR

frequency

v=wn+ v+ vy COIp(X) + @10+ v, COA2p(X) + Qo)+ -+ . b) fv) 3-q
(10 planar

The coefficienty; is proportional to the amplitude of the
order parameter,v;xpx(T,—T)#, while v,(T,—T)".
Most of 1q IC systems belong to the three dimensional
(3D) XY universality class where the critical exponents are
B=0.35 andB=2— a— ¢=0.84+# 2 3,*82%3%ut exceptions
with the classic Landau exponengs=0.5 andﬁ= 2B=1

are also well knowri* — -

The frequency distribution that determines the NQR line
shape can be now evaluated by

f(v) 3-g
nonplanar

c)

(v-vliv,

FIG. 1. Theoretical NQR line shapes in the plane-wave limit of
(@ 1-q and(b), (c) 3-g incommensurate systems for a linear cou-
pling between the NQR frequency shift and the displacement. In the
3-qg planar casdb), where the modulation waves are confined to a
In NMR in incommensurate systems it is often the case thaplane, the line shape is similar to that of ang2€ system*° In
one is able to choose such an orientation of the sample witthis case the position of the central singularity depends on the rela-
respect to the external magnetic field, that either the lineative phases of the three modulation waves. The line shape is inde-
(v, #0) or quadratic ¢, 0) term prevails in Eq(10). Then  pendent of the initial phases of the modulation waves in the non-
the line shape is easily evaluated in the plane-wave regimplanar 3¢ case(c).
where the phase of the modulation wave is a linear function
of the spatial coordinatep(x)=qx. For the linear casév, single sharp NMR line in the high-temperature phase we find
#0, v,=0) one getd* a characteristic frequency distribution in the incommensurate

phase:

flfq(V):f dx o[ v—v(e(x))]. 11

f ( )= const

In this and also in the pure quadratic case, the IC spectrum is
symmetric and limited by two edge singularities. A typical Here the integratiorf dx,; dx, dx; must account for the pos-
1-g line shape for the linear case is shown in Figa)1If sible correlation of the phaséé? When the modulation
both linear and quadratic terms have to be taken into accountaves are independent, the frequency distributi¢n) is
in Eq. (10), a third and a fourth singularity may appear in the given by a double convolution
spectrunt'?’ This is often the case in NQR where the reso- s
nance frequency is independent of the crystal orientation and N R IR / , r_
one is not able to control the parametetsin Eq. (10) by fa—q(¥)= f_m f_x dvidvafs(v)Ta(ve)fa(v=v1=v2)
varying an external parameter. In this general case the spec- (16)
trum becomes asymmetric and its shape and number of sin- o ) ]
gularities strongly depend on the ratio of the linear and thef frequency distributions; (") for singleq modulations:
guadratic term and the relative phase shift between them.

Now we turn to the 3g case, where the structure is si- f ()= +°°d L _ const 1
multaneously modulated by three modulation waves. The ()= deidlv =wle)]= m—0yp. (17
3-q equivalent of Eq(10) in the linear case 18

(12 fa_q<v>=fdxldxzdxs5[v—v(¢l<r>,¢2<r>,<p3<r>)].

(15

A typical bell-like 3-q line shape for the linear case with
_ v=wv,=v,= 3 IS shown in Fig. {c). In contrast to 1q IC
V(@1,¢2,93)= ”O“Lizl v COSei (13 jine shape, there are no edge singularities in they3c line
shape, but the derivative of the line has four van-Hove-like
where they; are proportional to the amplitude oth modu-  singular points? It is interesting to note that the §-C line

3

lation wave. In the plane-wave limit we have shape completely changes, if the three modulation waves are
correlated. Such is the case in qué&tfzand berlinitd where
©i=0i- I+ @ - (14)  the three modulation waves are coplang{;+d,+Q;=0,

and their relative phase is fixed. As shown in Refs. 9 and 19,
Here the modulation wave vectogs are incommensurate to in such a case the line shape is similar to that of g I
the underlying lattice. The phases take on any value from system with a logarithmic singularity at a position which
the interval[ —o, +] with equal probability. Instead of a depends on the relative phase.
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While the static properties of the incommensurate modu- 68.5 ——
lation waves are reflected in the NQR spectra, the dynamic . G,
properties are expected to show up in the nuclear spin-lattice
relaxation timeT;.>*33 In translationally periodic crystals -
undergoing structural phase transitions the main contribution P
to the spin-lattice relaxation is usually made by the low- T -
frequency soft optic modes. The contribution of long- T ]
wavelength acoustic modes in negligible as the relative dis- E

Ie
)

E'\
68.0F 7 "~
e

v (MHz2)

placements of the neighboring atoms are too small. Since the 6701
energy of an IC system is in the continuum limit independent
of the initial phases of the IC modulation waves, this system 66.5 L—1 "
has in addition to acoustic phonoms new independent T

modes, whose frequencies vanish for a particglaralue. 100 L C,
This modes represent Goldstone excitations known as pha- . '\.\ i |
sons. In the case ofcorrelated modulation waves as it is the g "»./7‘-\
case in planar 3 IC systemgn=3, D=2), such as quartz 10F |
and berlinite, the number of gapless phason is smallerrthan i !
The number of thermally excited phasons is of the order of i ]
the acoustic phonons and the relative displacements are not 1k
small for the critical wave vector. Spin-lattice relaxation 3
should be thus in incommensurate phases determined mainly [
by phasons. 01— . ———T—
For a system wittn modulation waves linearly and lo- 0 20 40 60 80 100 120
cally related to the frequency shift one can write the spin- T (K)
lattice relaxation rate &%

/.,.—o—o\. 1

T,(ms)

FIG. 2. Temperature dependence of fids NQR frequencies
1 n vq (&) and the average spin-lattice relaxation tife(b) in prous-
—((pl,...,(pn)OCZ (cOg @;Jpi+ Sir? ®idgi), (18)  tite between 8 and 120 K. There is a single resonance line in the
T i=1 high-temperature N phase, an inhomogeneously broadenegrine
dicated by the vertical lingsn the incommensurate phase, ten reso-
nance lines in the Ophase, and five lines in the,@hase. Note the
critical decrease of'; at the N-IC transition and anomalous short
temperature-independent phason-indutedn the IC phase.

where thel,; andJ,; are the local spectral densitfés™ of
the amplitudon and phason fluctuation modes. Fay IC
systems §=1), one finds in the linear case a simple relation
between the effective spin-lattice relaxation rate" and the
NQR frequency shift:**HereJ, determinesT; ! at the edge  of proustite are shown in Fig.(@. At room temperature a
singularities andJ,, determinesTl’l in the middle of the Single resonance line with a half-height full-width of 5 kHz
inhomogeneously broadened NQR spectrum. The situation i§ observed atg=66.22 MHz. On cooling the NQR fre-
more complicated for the case of a mutiC system. Here, duency continuously increases to 67.3 MHz just above the
at any given frequency, one does not have a single relaxatiof@nsition to the incommensurate phas&at 60 K. There is

rate but adistribution of spin-lattice relaxation rates a slight, but still well observable change = versusT slope
at about 75 K. The linewidth does not change between room

1 temperature and 60.2 K just aboVe (Fig. 3.
F(T_l’v):f f deg...dend(v—r(e1,....¢n) Below T,=60K an inhomogeneous broadening of the
resonance line is observed in the incommensurate phase. The
1 linewidth at half height changes from 5 kHz just abdveto
X6 T_l_T_l((pl""’(P”) , 19 apout 1.1 MHz in the lower part of the incommensurate
phase. On cooling a set of sharp lines appears on the broad
and a nonexponential decay of magnetization is expected. lizcommensurate background about 2 K ab@ye The mul-
principle, one could use the inverse Laplace transform of thgipjet of sharp lines increases in intensity with decreasing
magnetization-decay curve to determine Te distribution,  temperature and completely replaces the broad background
from which the spectral densitiely; and J, could be in-  at the transition to the commensurate phage C
ferred. However, in view of the complex shape of fig* In the G, phase one observes 10 narrow lines of different
distribution, calculated in the linear local approximatidn, intensity. At 28 K(Fig. 3) we have three lines of low inten-
one can immediately realize the complexity of such a task. Irsity, six lines of medium intensity, and a single line of high
addition, if nonlocal contributions are expected, they will intensity. The temperature dependence of the positions of

further complicate tha’; * distribution?”3 this ten lines is shown in Fig. 2.
At the transition temperature to the low-temperature com-
V. RESULTS AND DISCUSSION mensurate phase,CT¢,=24 K, the asymmetric multiplet of

ten lines is discontinuously replaced by a symmetric multip-

let of five lines(Fig. 3), which persists down to the lowest
The temperature dependence of fh&s quadrupole reso- studied temperaturé8 K). A similar behavior of the’As

nance frequenciesg and the spin-lattice relaxation tinflg ~ NQR lines at the €to C, transition was observed earligh?2

A. Temperature dependence of NQR frequencies
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D B L L B experiment theory
T=60.2 K N . , . ,

T=60.2K
i 1 | - | I I | n | - 1 + [l P | n I
L L L L L L L To50.1K
c =59.
T=28K 1

T
' /\
AN

| LA L B N R EELE B L
c
T=12 K 2 T=SB.OK/\
PR S S PR S S P S TR S IR S S T
66.5 67.0 67.5 68.0 68.5

v (MHz)

. T=55.0K
FIG. 3. As NQR spectra in the three commensurate phases N

(just above the N-IC transitionC,;, and G in a proustite single . . } , ,
crystal. 67 675 68 67 675 68

v (MHz) v (MHz)
but due to the lower sensitivity out of five only the most i 4. Experimental and theoretic&iAs NQR line shapes in
intense central line was observed. the high-temperaturdplane-wavg part of the incommensurate

phase in proustite. The theoretical spectra are calculated using for-
mulas(26), (27), and(28). The temperature dependences of v,,

B. Temperature dependence ofl'; . i L
andR;_q obtained from the fits are shown in Figs. 5 and 6.

The "°As spin-lattice relaxation tim&; [Fig. 2(b)], which
amounts 1.5 ms at room temperature, increases mOﬂOtOI’gystem in the plane-wave limit. In the case ofj3c system
cally and reaches a maximum value of 3.6 ms close to 75 Kwith simultaneous modulations along, q,, andqs, in-
There was no observable anomaly in the temperature depestead of the U-like line shape, a bell-like line shape with no
dence of eitherT,, resonance frequencyq, or the line-  edge singularities is expectégig. 1). On the other hand, the
width Aw, which would indicate the{photoinducegl phase  same line shape as in thedLease is expected in the multi-
transition reported at 210 & our experiments were per- domain “stripe” phase, where in a given domain the struc-
formed in the dark and no attempt was made to check for thﬁ]re is modulated a|ong one of the modulation wayesdy,
possible effect of the illumination on the paramef€{s v,  or g5, while the amplitude of the other modulations is zero
andAv. Below 75 KT, starts to decrease and a cusplike dipin this case. Since the modulation-induced shift of the reso-
is observed in the vicinity o, =60K, which is character- nance frequency does not depend on the direction of the
istic of a displacive structural transition with soft mode con-modulation wave vector, the same expresgidd) is valid

densation. for all of the 1-q domains:
The phason-induced average is anomalously short

(~0.2 m9 and temperature independent in the incommensu- v1.q=vn+ Yo+ v1 COL@(X) + @10)+ v2 COL2¢(X) + @20)

rate phase. The transition to, @hase is marked by a dis- L. (209
continuous increase df; for an order of magnitude td, '
=2 ms just beIowTCl. In the G phase In(,) seems to in- and the line shape is given by the integral

crease linearly with decreasing temperatifi. 2(b)].

At T¢,=25K there is a discontinuous decrease froi fl_q(v):J dxd[ v— vy q(e(x))]. (20b)
=27 ms just abové’c1 to T;=17 ms just below. On cooling,
T, further increases to reach 135 ms at 8 K. Since the spectra are slightly asymmetric, it is clear that the

coupling between the frequency and the order parameter is
nonlocal and that both linear and quadratic terms of(26).
must be used to describe the line shape.

On cooling further into the IC phase an asymmetric bell-

As shown in Figs. 2 and 4, the narro®®As quadrupole like spectral component appears, which gradually replaces
resonance line of the high temperature N phase becomes ithe 1-q spectrum. This component, which dominates the
homogeneously broadened beldw=60K, indicating the spectrum already 2 K beloW, , is typical® of a 3-q modu-
transition to an incommensurate phase. The broad line shapated system with three independent nonplanar modulation
with two edge singularities, observed lessrtia K below  waves. A similar bell-likel®Ag NMR line shape was also
T,, is typical for a one dimensionally modulated ()-IC  observed in proustite alT=55K.3? Note that NMR and

C. Line-shape analysis in the high-temperature part
of the IC phase
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NQR can easily distinguish between the nonplanar and pla- T

; . . 0.20
nar 3-q case, as completely different line shape with a cen- A
tral singularity is expected in the latter cas#/e have thus 0.15 |
observed a transition from a stripe state, characterized by a

superposition of 1g modulated domains to a genuineq3- T 0101 ]
state where the crystal is simultaneously modulated along =2 005} .
three different directions. While this change of the structure >
. - 0.00 1

was not observed before, it is not totally unexpected, as al- N v,(3-q)
ready the Pokrovsky free enerdl¢q. (7)] predicts, that ei- -0.05 b .
ther a 14 stripe state, a 3} state, or a transition between the 0.10 v,(1-9)
two is possible belowl, .1>2° The possibility of 1¢ to 3-q - A

. . . . . . 50 52 54 56 58 60
transitions is also predicted by numerical simulations of mo- T (K)

lecular dynamic¥ in hexagonal models. The transition be-
tween the two states with different symmetry is discontinu- FIG. 5. Temperature dependence of the parameteesd v, in
ous and connected to metastable stitest the 1-q to 3-q  the 1-q and 34 phases in proustite. The solid lines are fits to the
transition “islands” of the 3¢ phase appear first in the power law as explained in the text.

“sea” of the 1-q phase and then gradually take all of the
crystal volume. The gradual change of thegINQR line

;hapﬁ {1.9) tO t_he 34 NQEg!ne shaﬁe {s.q) is anindica- ;g shape is dominant, were fitted with expressigt). It

tion that proustite may exhibit a similar process. turned out that “mixed” terms cog{—g.;) and cos,
Similar to the 1¢ line ;hape of the high-temperature part +@,+ @30 did not improve the quality of the fit, sg,, and

of the IC phase, the @ line shape of the low-temperature Vo3 Were set to zero. Repeated fits with a temperature inde-

phase remains notably asymmetric. Comparing the experanden 3-9)=50° vielded the temperature dependence
mental spectrum taken at=55K (Fig. 4) and the theoreti- Ef ) art:szgz(ﬂ,qihown ?/n Fig. 5. Againpa power Igw with

cal spectrum, calculated in the linear and local approxima- =~ B~ B N btained
tion [Fig. 1(c)], one can see that one must include more tharp?{qh_o'i'()i 0.02 an '83qwzﬁ3q_0681— 0.0? V\Illa?10 tained.
just the first term in the expansion With a known temperature dependence of all the parameters

that determine the line shape in bothgland 3 phases the

spectra in the temperature range 52-57 K, where the 3-

3 only parameter left to determine is the relative volume frac-

va.q(@1,P2,P3) = ot V1Y, COL @i+ @10 tion of the 1.q phaseR; =V 4/(V14+Vag). The inten-
i=1 sity of the NQR spectrum in a given frequency interval is
3 proportional to the number of nuclei with the resonance fre-

+ Vle cog2¢; + ¢o0) quency in this interval. If a pa_rt of the crystal exhibits agl-

i=1 phase with a frequency distributidn_q(»), and the rest a

3 3-q phase with frequency distributidiy_4(»), the measured

line shape will be
+ sziZI cog @i~ ®j+1) P

3

fl—q( v) fi(v)
+V23i§1 COQQDI+QDJ+(}D3O)+ ' f(V)_Rl-qffl_q(Vl)dv/—’_(l Rl-q)ffl_q(v/)dy/'
(219 22
The line shape is now given by
Using this formula, the temperature dependence ofd‘1-
phase fraction”’R,.4, shown in Fig. 6, was determined.
f3_q(V):f f f de_ddeXg
X v—raq(@1(r),@o(r),@3(r))], (210 1.0 /."“' -e-e-s
To describe the gradual change from the e the 3¢ 081 /./.
line shape the following fitting procedure was used. First, the 0.6+ b T
spectra in the temperature range 58.5-60 K, where the pure 150‘4_' ./' ]
1-q line shape prevails, were fitted with expressi@®). .
With ¢, fixed to zero it was found that the phase shift of the 0.2 / i
cos(2p) term ¢,q does not show any marked temperature 0.0- — ¥ .
dependence, so its value was fixed at the average value T

©2(1-q)=80° and the fitting routine was applied again. 6 57 58 59 60
From this set of fits, the temperature dependence of the pa- T(K)

rametersy,; andv, was determined. As shown in Fig. b; . .
— FIG. 6. Temperature dependence of the relative volume fraction

and v, follow a power EWVlOC(TI_T)'qu’ v (Ti=T)P19 o the 14 stripe phaseR; 4 at the 14 to 3-q phase transition.
with 814=0.30+0.02, B14~2B14=0.60+0.02. Next, the Lines connecting points are a guide to the eye only.
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The fact thaR; ,~ 1 above 58.5 K an®,_.,~0 below 57.5 0.5
K H . H FSEPEy A" 'T=59.5K,
gives us some confidence in our initiglpure 1-9” and 0.4 .
o N “*71-g stripe phase
pure 3-q") fits. 1
As pointed out by Ryaet al,'! the ordering of the struc- =03
ture in this temperature range is subject to rather long equi- £ 0.2
librium times(several hours or moyelt is also knowr” that g1
the temperatures of the phase transitiops T, , andTC2 in 00,
proustite depend on cooling or heating rate of the crystal. ' — —
Our measurements were performed on cooling with a small @) 67.0 67.5
temperature stepAT=0.1-0.5K) and 1 h otemperature 0.5 T=58.0K,
stabilization prior to the measurement. Depending on the 0.4 3-g phase
linewidth, measurement took from half an hour up to several 03]
hours in the low-temperature part of the IC phase. Obvi- g
ously, different cooling rates will produce temperature de- "_’_0-2‘_
pendences dR;_q(T), which will be different from that pre- 0.11
sented in Fig. 5. 0.04 .
The critical behavior at the normal to the incommensurate "
i . . 67.0 67.5
phase transition for one dimensionally ¢)-modulated IC
systems with a two-component order parameter belongs to (b) vq (MH2)

the two-component three-dimensioné&Y (d=3, D=2) uni-
versality class® The theoretically predicted valued
=0.345 for the critical exponent of the order-parameter am
plitude agrees very well with thg determined from both the

NQR and the quadrupole perturbed NMR measurements o 9 ot
several such systemis® The critical exponentg;,= 0.3 and bhase!? the observed change of the variationTof over the

: . . : NQR line may be taken as an additional evidence for the
B3q=0.4 that we obtained in proustite, both differ from the - ; : -
prediction of the 3DXY model®** It is interesting that our transition from the 1q stripe to the 3q phase in proustite.

value obtained in the 3 phase of proustite, which is de-

scribed with a six-component order parameter, agrees very  E. Line-shape analysis in the low temperature part

well with the prediction of the six component three- of the IC phase

dimensionald=3, D=6) Heisenberg modef3=0.399%In Figure 8 shows the’®’As NQR spectra in the low-
spite of the fact that the relevance of this result must bg@emperature part of the incommensurate phase in proustite.
seriously questioned due to the very long equilibrium timesgejow T=52K the 3 line shape begins to show an addi-
of the structure stabilization and the vicinity of theglto  tional structure. AtT=50K the shoulders of the bell-like
3-q transition, proustite seems to represent a good candidatgectrum become so pronounced that a valley forms in-
for Subsequent studies of critical behavior of systems with Q)etween, and an additional structure appears in the h|gh_

FIG. 7. The variation of the spin-lattice relaxation tifme(®)
over the NQR lindfull line) (a) in the 1q stripe andb) in the 3q
honplanar IC phase in proustite.

six-component order parameter. frequency part of the spectrum. At still lower temperatures
narrow peaks begin to gradually rise from the broad 3-
D. Variation of T, over the NQR spectrum lines. On cooling these peaks increase in intensity and de-

crease in width and finally completely replace the broagl 3-
line shape below =48.5K.

A similar type of behavior is often found close to the
ck-in transition in 1¢g incommensurate systems indicating
that the phase of the modulation wave becomes a nonlinear

rate. In an often_ realized case, is _deterrm_ned by_the_: am- tunction of the space coordinate, i.e., that a multisoliton lat-
plitudon fluctuations at the edge singularities, while it is de—tice is formed

termined by the more effective phason fluctuations in the To check on the nature of the low-temperature part of the

middle of the spectrum. The measurement of variatioifi of . . o

. . . 3-q IC phase in proustite one can simplify the Pokrovky free
over the N_QR line alf=59.5K in the 1¢ stripe phase of en‘;rg);!? by keep?ng only the simplesllg(ginﬁ) of the s>i/x
proustite(Fig. 7) shows exactly such a behavior. allowed “lock-in” terms. By minimization of the free en-

In contrast to this, a distributiofEq. (19)] of relaxation . . .
_ . i ergy using Euler-Lagrange equations one obtai(is;) as a
ratesT, ! determined by the three amplitudon and phaso”so?a/tion o% the ordin%ry gine-qGordon equationm )

brancheqdEg. (18)] is expected in the 3t case. The short
relaxation timeT;~200us and the extremely broad spec-
trum do not allow us to extract the distribution of relaxation
times from the magnetization recovery curves, which seem =—t2D, sin(6¢(u,)). (23

to be monoexponential within the experimental precision.

The averagd , which was determined a&t=58.5K in the  The coefficientsy, 8, v, €, andD; are defined in Ref. 15 and
3-g phase, does not show any line-shape dependence. Whigslutions for ¢, and ¢5; are equivalent due to the ;C
we were not able to extract the characteristic distributionrsymmetry***® This simplification of Pokrovsky theory,
[Eq. (19)] of the relaxation rates, expected for theq3lC  which takes into account only the most simple of the allowed

The striking feature of the spin-lattice relaxation inql-
IC systems is thafl, varies over the incommensurably
broadened line in such a way that it is possible to separatfa
phason and amplitudon contributith® to the relaxation 0

[2(a?+ B?)sir? 0+ 2(a?+ y?)cog 6+ e sinf cosh]e" (u;)
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experiment theory 0 T . ¥ T g T
' - ' ~71 o cooling ‘|

og{ ¢ heating

T=52.0K

T=50.2K

>
B

T=49.6K

48 49 _ 50 51
T(K)

T=49.2K

;

FIG. 9. Temperature dependence of the soliton densityn
proustite. The inset shows the phase of incommensurate wave for

T=49.0K ns=1 (straight dotted ling ng=0.5 (dashed ling and n,=0.25
(full line).
Tod8.8K ns=1. On coolingng decreases ang becomes more and

more steplike(see inset to Fig. @ In 1-q incommensurate
s s . systems the soliton densitys represents the domain-wall
67V(ME;-)5 68 67V(Mfé-)5 68 (soliton) volume fraction of the crystah,=d,/x,. Hered,
is the soliton width andx, is the distance between the
FIG. 8. Experimental and theoreticZiAs NQR line shapes in  solitons® In the 3-q case this meaning is lost and one must
the low-temperature part of the @-incommensurate phase in regardng as a parameter that describes the nonlinearity of the
proustite where the phases of the three modulation waves beconghases of modulation waves.
nonlinear functions of the space coordinates. The temperature de- In our approximation the NQR line shape is again evalu-
pendence ohg obtained from the theoretical spectra is shown in ated with the integral21b), but the phases of the modulation
Fig. 9. waves are no longer linear functions and are given by Eq.
) ) (24). The parametek, which determinesg, was chosen to
“lock-in" terms D; therefore predicts that the phases of thegi\,e the best fit to the experimental data. The nar¢tvom-
modulation waves in the low-temperature part of the 3- ensurate” or ¢ lines, which rise from the broad back-
p_hase in proustite are e_xpressed as solutions qf the ordina@found at lower temperatures, originate from regions where
sine-Gordon equation, in complete analogy with the well-the phasep is almost constant. The value of the initial phase
known examples oI one dimensionally modu!atgd incom-;,_ “in the v, S cosfpi+¢1) term of Eq.(21), which influ-
mensurate syste_njlg. Of course, the above prediction is just gnces the positions of these lines in the multisoliton limit
one of the possible scenarios as higher-order terms and inpyt does not affect the line shape in the plane-wave Jimit
teractions between solitons, which we neglected, may conas chosen to give the best agreement between the experi-
siderably influence the result. Nevertheless, it clearly showg,ental and the calculated line positions. As shown in Fig. 8,
that it is quite likely that the phases of the three modulationpe theoretical and the experimental spectra agree rather
waves become nonlinear functions of the coordinates, Ofe||. The fact that the positions of every C line could not be
equivalently, that higher harmonics of the modulation wavegeproduced completely is an indication that more than two
develop at lower temperatures. If this is the case, the phasgms in the expansiof21a should be taken into account or
transition to the commensurate phase in proustite is similajhat the constant amplitude approximation is not strictly
to the lock-in phase transition of usualdLsystems. valid in this temperature range.
Within the above approximation the phases of the modu- Tpe temperature dependencemf, obtained from both
lation waves are independent also in the soliton limit and ar@ooling and heating experiments, is shown in Fig. 9. The

given as the elliptic amplitude solutions of the sine-Gordon,nsition to G is reached when, vanishes. A hysteresis of

Eq. (23), ¢1(r)=e(u1), ¢2(r)=¢(Up) in ¢3(r)=e(us), 0.6 K at the IC-C transition agrees well with the x-ray mea-
5 0 surements by Ryaat al?
e(u)=—am| v = U ,kZ)_ (24) Phenomenologically one can treat the IC-C transition by
p 2 writing the free-energy density in the narrow soliton

The parameteik is here connected to the linear soliton limit 1537

density® ng=7/(2K (k)), K(k) is the complete elliptic inte-

gral of the first kind,u; are the space coordinates in the f~egngteni+esni+ansexp—nt). (25
directions of the modulation wave vectays, while the pa-

rameterp is connected with the unit-cell multiplication. In The first term represents the energy of a domain-\isli-

the preset case we hape=6 for the transition to €phase ton), e;<(T, —T), &, andey are the energies of double and
with the triplication of the edge of the unit cell. In the plane- triple domain-wall crossings, and the last term represents the
wave limit whereg is a linear function we havk=0 and interaction between the domain wallslf the 3-q phase is



1012 APIH, MIKAC, DOLINéEK, SELIGER, AND BLINC PRB 61

TABLE I. In the C; phase the phases of the three modulationmensurate values of phases(r)=19;, @,(r)= 191. , @3(r)
wavesg; take commensurate valués, ¥,, andd;. The intensi-  — 9, there is a corresponding peak in the NQR spectrum at
ties of the ten resonant lines in the NQR spectrum are proportionghe frequencyvs (9,9, %) [ see Eq.(21)]. The narrow
to the number of permutations of phasés, corresponding 10 & resonance line from the high-temperature N phase should
given frequency. therefore split intan=33=27 lines, but many lines in the;C
- phase overlap, since, is invariant to the permutation of the

Number of permutations  phasesy; , 9;, and ¥, (see Table)l As predicted in Table I,
Index #1 P2 ®3 =line intensity the NQR spectrum in the Cphase consists of three lines
with relative intensity 1, six lines with relative intensity

; gz g; g; 1 three, and a single line with the relative intensity 6. This
agrees well with the spectrum in thg @hase at 28 KFig.

3 93 V3 I3 1 3,

4 % 9, 9, 3

5 LA 3 RE 3 VI. CONCLUSIONS

s gz g; g; 2 In conclusion, our’”As NQR line-shape and spin-lattice

8 9 9 9 3 re_la_lxatlon time measurements have shown that proustite ex-

9 ,93 ﬁz 192 3 hibits not one, but two incommensurate phases in the tem-
3 1 1 perature range 49-60 K. As demonstrated by the character-

10 % ¥, LE 6 istic NQR line-shape and spin-lattice relaxation time

p 10 peaks Zc, =212y dependence over the line, the phase 58.5-60 K isq 1-

stripe phase, where the amplitude of only one of the three
possible incommensurate modulation waves is different from
preferred over the It phase, ther; must be negative and zero in a given domain. Below 38.K a new 3¢ phase

an IC-C transition is necessarily discontinuous. Still, withingradually appears. The stripe phase disappears below 57.5 K.
the precision of our experiment, the temperature dependencg the 3 phase the amplitudes of all modulation waves are
of ng in proustite (Fig. 9 is well described bynsx  different from zero simultaneously. The NQR line shape
—UIN[(T—T.)/T.], which is characteristic of an almost con- shows that the three modulations are noncoplanar and there-
tinuous “lock-in" transition as seen in some g systems. fore independent.

Below the IC-G transitionng is zero and the incommen- In the low-temperature part of the -IC phase the
surate frequency distribution is replaced by a multiplet ofphases of modulation waves become nonlinear functions of
narrow lines reflecting the multiplication of the unit cell. the space coordinates and a multisoliton lattice is formed. By
Here the phases of the three modulation waggdecome comparison of the theoretical and the experimental spectra, a
step functions, taking the commensurate valdgs= /3, temperature dependence of the soliton density at the transi-
U,=, and¥;3="5mx/3 only. For every combination of com- tion to the commensurate phase was determined.
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